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Although it has been reported that adenosine has an 
inhibitory effect on keratinocyte proliferation at both 
G 2 and S phases of the cell cycle, its relation to cyclic 
AMP formation through the adenylate cyclase system 
has been less well characterized. In order to determine 
the precise mechanism of the adenosine effect, another 
physiologic adenine nucleoside, 2' -deoxyadenosine was 
employed. 2' -Deoxyadenosine was shown to be remark-
ably different from adenosine in its ability to stimulate 
the epidermal adenylate cyclase; whereas adenosine 
markedly increased cyclic AMP levels of pig epidermis, 
deoxyadenosine had a much weaker effect on the cyclic 
AMP levels of the skin. Using several parameters of cell 
proliferation, comparison was made between the effects 
of these two compounds. Pig keratinocyte explant cul-
ture system was employed for the measurement of out-
growth and mitosis. Mitosis was determined after 72-h 
incubation (to monitor the overall cell proliferation in-
hibition) and 4-h incubation (to monitor G2 phase inhi-
bition) with the chemicals. Pig skin keratome slice sys-
tem was employed for r1H]thymidine uptake measure-
ment. 
Both adenosine and deoxyadenosine were shown to 
have marked inhibitory effects on keratinocyte out-
growth, CH]thymidine uptake, and keratinocyte mito-
sis. The effects of deoxyadenosine on outgrowth and 
[aH]thymidine uptake were greater than that of adeno-
sine. The inhibitory effect of adenosine and deoxyaden-
osine on mitosis were about the same in both 4-h and 
72-h incubation systems. 
Thus deoxyadenosine, which is a much weaker stim-
ulator of epidermal adenylate cyclase, was a lso show n 
to be as potent an inhibitor of keratinocyte proliferation 
as adenosine. These results further substantiate the view 
that cyclic AMP elevating agents (such as adenosine and 
deoxyadenosine) might not necessarily reveal their in-
hibitory effects on keratinocyte proliferation through 
their effects of cyclic AMP formation. 
Although it has been reported that cyclic AMP is one of t he 
physiologic regulators of keratinocyte proliferation, its precise 
function has been a subject of controversy. Investigations using 
adu lt human and other mamma li an epiderma l cu lture systems 
have demonstrated the inhibitory effect on keratinocyte growth 
by elevating epidermal cyclic AMP levels [1 - 4). On the other 
hand, recent studies employing neonatal skin revealed a posi -
tive correlation between intracellular cyclic AMP elevation and 
enhanced cel l proliferation 15,6 ]. The apparent discrepancy 
might be in terpreted as an intrinsic difference between adult 
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a nd neonata l keratinocyte respo nse to the elevations of cyclic 
AMP levels [7], or as was suggested by Okada et al [8], cyclic 
AMP might have a biphasic effect on ce ll proliferation depend-
ing; on cellular densities in the cultures. 
'The precise mechanism of the inhibi tory effect of cycli c AMP 
on keratinocyte proliferation has also been controversiaL Al -
t hough it is usually accepted that cyclic AMP elevation will 
inh ibi t keratinocyte proliferation during t he G, phase of t he 
cell cycle (G , block) [1- 3], the re a re sporadic reports t hat cyclic 
AMP also inhibits t he entry ofG, ce lls into S phase (G, block) 
[9,10]. Gelfan t [11] reported significa nt numbers of G2 blocked 
cells in epidermis. However, since the s ignificant. control point 
of keratinocyte proliferation is assumed to exist between G, 
and S [12], the effect of cyclic AMP on t he G,jS phases of t he 
cel l cycle wou ld be of interest in terms of physiologic control 
of keratinocyte proliferation. 
Recently Taylor et al [1 3], using a ["H]thymidine uptake 
system, reported the effect of cyclic AMP and agents which 
e levate intracellular cyclic AMP levels on the S phase of t he 
cell cyc le. They reported that adenos ine inhibited ep idermal 
DNA synthesis at relatively higher concentrations. Since other 
epidermal adenylate cyclase stimu lators, epinephrine and his-
tam ine, had no effect on ["H]thymidine uptake and cyclic AMP 
itself revealed no consistent results in t heir system, they sug-
gested that adenosine inhibited keratinocyte DNA y nthesis by 
a mechanism independent of cyclic AMP formation [13]. 
Since we have desc ribed stimulation of adenylate cyclase by 
adenosine in epidermis [14], effects of other nucleosides have 
been investigated in our laboratory to further characterize the 
specificity of th is receptor system. During the course of the 
study, we noticed that another physiologic adenine nuc leoside, 
2 '-deoxyadenosine was remarkab ly different from ade nosine in 
its ab ility to stimulate the ep ide rmal adenosine-adeny late cy-
·lase system. In th is commun ication, the effects of these two 
compounds on the cyclic AMP system of epidermis and their 
efrects on keratinocyte proliferation were described. 
MATERIALS AND METHODS 
'{'issue 
Domestic pigs weighing about 5- 10 kg were anesthesized with Nem-
buta l (Dainippon, Osaka , Japan) i.p. (dose 30 mg/ kg). Fifteen minutes 
;J fter the anesthesia (after clipping the hair and washing the skin 
s urface), skin sli ces were taken from the backs of pigs usj ng a Castro-
v iejo keratome (Storz Instrument Co. St. Louis, Missouri) adjusted to 
Q.2-mm setting, so that the sk in samples thus obtained were predomi -
(lan l.ly epiderm is. 
Cyclic AMP Assay 
The skin slice was cut in to 5 x 5 mm squares, washed 3 times in 
:HPMI 1640 medium, and were preincubated in t.he same medium for 
15 min at 37 ' C to standardize the cyclic AMP level [15]. After the 
preincubation, 2 pieces of skin squares were randomly selected and 
.floated with their keratin layers up in RPMI 1640 medium containing 
various concentrations of adenosine and 2' -deoxyadenosine. After in -
cubation at 3TC in a water bath (for 5 min unless otherwise stated) , 
sk in squares were quick ly frozen between two plates of dry ice. The 
cyclic AMP content in these ski n squares was measured by radioim-
munoassay using a Yamasa cyclic AMP assay kit (Yamasa Shoyu Co. 
Tokyo, Japan) after partial purification by the method of Yoshikawa 
et al II 5,16j. 
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Explant Culture 
T h e basic procedures were the same as described by Halprin et al 
[17-19). One- or two- mm squares were cut fro m the ski n slices and 
p laced dermal side down on glass coverslips which had already been 
pl aced in plastic Petri dishes. The explants were propagated in RPMI 
1640 medium containing penicillin (100 uni ts/mi l. streptomycin (100 
units/ml), and fun gizone (0.5 l'g/ml) supplemented wi th 10% fetal calf 
serum. Cul tures were maintained at 37' C in an atmosphere of 5% C0 2 
in a ir. On the 3rd day after the explant, outgrowt h of keratinocytes 
was r ecorded by measuring the distance from the explant in microns 
u s ing a phase cont rast microscope with a calibrated scale in the ocular 
fo r a pretreatment reading. Fresh medium containing adenosine or 
deo:x:yadenosine was added and t he fur ther outgrowth distance was 
dete rmined da ily for 3 more days. For each concentration of each group 
of exp eriments, 15-18 explants were run, with pretreatment readings 
at 300 -600 1'111. Mitosis after the 72-h incubation with these chemicals 
was d etermined by adding 0.1 l'g/ml colchicine fo r the fin al 4 h (see 
T ab le IJa). In a separate experiment for G2 phase inhibi t ion studies 
(see T able lib), cul ture medium was replaced on the 3rd day_ afte r 
expl a n t by fresh medium containing adenosine or deoxyadenosme m 
t h e p resence of 0.1 l'g/ml colchicine, and incubatiOns were done only 
fo r 4 h. By addin g the metaphase arrest agent, colchicme, for a bnef 
t ime a long with th e test agent, one can measure the effect of drugs on 
t h e G 2 phase of the cell cycle [3). For histology and mi totic counts, 
expla n t cultures were removed from the medium, washed 3 times in 
cold P BS (phosphate-buffe red saline) , fi xed, and stained with hema-
toxylin . 
Ke ro.tinocyte Thymidine Uptake 
The procedure was essentially the same as described by Taylor et al 
[13 ] . The skin slice was cut into 5 x 5 mm squares, washed 3 t imes ~n 
R PMI 1640 medium, and skin squares were fl oated w1 th their keratm 
1 ye r s up in the RPMl 1640 medmm. Skm squares were then mcubated - ~ RPMI 1640 medium containing trit iated thymidine (["H]dThd) and ~arious chemicals in plastic Petri dishes at 37'C in an atmo~phe re of 
5% C 0 2 in air. After the incubation, skm squa res were :was~ed 111 sahne, 
a nd e pidermis was separated from the der~us by f1?atmg tissue upon a 
solu tion of 2 M NaBr for 2 hat 37' C. Ind.Iv~dua l epidermal tissues were 
p laced in 10 X 76 mm test tubes contammg 200 1'1 of 0.5 N NaOH , 
tigh t ly capped, and placed in a 95 ' C wa.ter bath fo r 30 mm. At the e~d 
f t h e incubat ion, aliquots of the solutiOn were taken to coun t radio-~ctivity . The NaBr t reatment allowed the unincorporated thymidine 
nucleotides to leak out in to the NaBr (13,20], leavmg the thym1dme 
incorporated into DNA. 
Protein concentration was measured by the method of Lowry et al 
[21) - The stat istica l significance of the data obtained was evaluated by 
Stude nt's t-test for unpaired data. 
R P MI 1640 medium was purchased from GIBCO (Grand Island, 
New York). Fetal calf serum was obtained from Microbiological Asso-
ciates (Walkersville, Maryland) . Colchicine was the product of Boeh-
ringer Mannheim Gmbh (Mannheim, F.RG.). Adenosine, 2' -deoxy-
ade n osine, and hydroxyurea were purchased from Wako Pure Chemica l 
Indust. (Osaka, J apan). 
RESU LTS 
Fig 1 s hows t he effect of adenosine a nd 2' -deoxyadenosine 
on t h e cyclic AMP levels of pig epidermis. Adenosine (1 mM ) 
markedly inc reased cyclic AM P levels of epidermis. Withou t 
t h e a ddi t ion of phosphodieste rase inhibitors, t he max imal effect 
was attained by 5 min a nd t hen gradua lly decreased over 30 
m in. 2' -Deoxyadenosine (1 mM) was s hown to be a much 
weak e r stimulato r of epiderma l adenylate cyclase tha n adeno-
sin e . The t ime course of t he effect of deoxyadenosine was 
essen t ia lly t he same as t hat of adenosine and t he max ima l 
effect was a lso attained by 5 min. Differen t sensit ivity of 
epide rma l adenylate cyclase to adenos ine a nd deoxyadenosine 
a r e m ore clearly seen in T able I. Deoxyadenosine increased 
cyclic AMP levels in a dose-dependen t ma nner ; however, t he 
effect was much weake r t ha n t hat of adenosine. The addition 
of both compounds in the incubation medium resul ted in a 
sligh t decrease of t he e ffect of adenosine . 
B oth adenos ine a nd deoxyadenosine m arkedly inhibited ker -
atin ocyte outgrowt h (Fig 2) . The effect o f deoxyadenosine was 
stronger tha n that of adenosine (Fig 2, Exp 1), a nd ha lf as 
m u c h deoxyadenosine (0.5 mM) inhibited outgrowth more t ha n 
1 m M aden osine (Fig 2, E xp 2). The effect of deoxyadenosine 
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FIG L T ime course of the effect of adenosine and deoxyadenosine 
on the in t.racellular co ntent of cyclic AM P. The concent rations of 
adenosine and deoxyadenosine added were both 1 mM . 0--0-Aden-
osine; ------deoxyadenosine; D--O-control (no addi t ion). Results 
are the mea ns ± SE (n = 4) . 
TABLE I. The effects of adenosine and deoxyadenosine 
--------
------
None 
Deoxyadenosine 
Additions Cycl ic AMP (p mol/ mg prot ein ) 
0.7 ± 0.1 n = 4 
100 J.LM 1.4 ± 0.2 n = 3 
500 I'M 2.0 ± 0.2 n = 3 
1 mM 2.6 ± 0.5 n = 3 
2 mM 3.6 ± 0.5 n = 6 
Adenos in e 2 mM 38.0 ± 3.4 n = 6 
Adenosine + deoxyadenosine (2 mM each) 32.3 ± 3.0 n = 6 
The cyc lic AMP increase during the 5-min incubation period is 
shown. The resul ts are the means ± SE. 
was co ncen t ration -dep endent and t h e inhib itory effect was 
observed a t a co ncent ra tion as low as 0.1 mM (Fig 2, Exp 1). 
Previous ly we reported no inhibitory effect on keratinocyte 
outgrowt h at t he same concent ration (0. 1 mM ) of adeno ine 
[4]. 
E ffects of adenosine and deoxyadenosine on kerati nocyte 
[ ~H] thymidine incorporation is s hown in F igs 3 and 4. ['JH] 
Thymidine uptake increased in a linear fas hion for t he 3-h 
incubation period (Fig 3). The addit ion of aden osine and deox-
yadenosine (each 2 mM ) markedly inhibited the [3H ]t hymidin e 
inco rporation , and again t he effect of deoxyadenos ine was 
stronger t han t hat of adeno ine (F igs 3, 4). At 2 mM co ncentra-
tion , adeno ine inhibited [3H ]t hymidine uptake by 50 % an d 
deoxyaden osine inhibi ted by more t han 90% (Fig 4). Hydrox-
yurea, a classica l inhibi tor of the S phase (DNA synt h esis 
phase) o f t he ce ll cycle [13 ], was a lso used as a positive control 
which produced a ma rked inhibition of ['1H] t hym id ine incor-
poration, as was reported by T aylor et a l [13]. 
T able II s hows t he e ffects of adenosine and deoxyaden osine 
on m itosis o f pig keratinocytes in two d ifferen t ways. In Table 
IIa pig skin explan t cul ture was treated wit h adenosine an d 
deoxyadenosine fo r 72h after t he ini t ia l 3-day incubation (see 
Materials and Methods). In t his system which matc hes t he 
condi t ion in Fig 2, marked inhibition of m itosis (inhibition of 
cells en te ring into m itosis) was observed by t he addition of 
both adenosine a nd deoxyadenosine, indicating t hat the in hib -
itory e ffect on keratinocyte outgrowt h (Fig 2) is assoc iated with 
t he inhibi t ion of cell prolife ration . In T ab le Ji b, in order to see 
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FI G 2. Effect of adenosine and deox -
yadenosine on keratinocyte outgrowth. 
On t he 3rd day a fter explant of pig skin , 
epiderm al outgrowth was recorded as t he 
pretreatment reading. Culture medium 
was replaced by freshly made RPM! 
1640 with 10% fetal calf serum in the 
prese nce of test drugs. The outgrowing 
distance was measured eve ry 24 h for 3 
days fo llowing the treatment. The re-
sults of two independent experimental 
series (Experiments I and 2) a re shown. 
Each value is t he mean of the outgrowth 
1n microns (±SE) from 15 explants. 
0--0-Control; 6-- D.-deoxyadeno-
sine, 0.1 mM ; e--e-deoxyadenosine, 
0.5 mM ; •--•-deoxyadenosine, 1 mM; 
D---O-adenosine, 1 mM. *-p < 0.01 
compa red with control. **-p < 0.05 com-
pared with control. 
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FIG 3. Time course of the effects of adenosine, deoxyadenosine, and 
hydroxyurea on epidermal [3H !thymidine incorporation. Five- milli-
m ter di scs of tissue were incubated for up to 3 h on RPMI 1640 
medium conta inin g adenosine (2 mM , e--e), deoxyadenosine (2 mM , 
6--6); a nd hydroxyurea (1 mM , 0---0) (medium also contained 
[' 'H jdThd l I"Ci/ ml, sp act 5 Ci/mmol). Results are expressed as 
incorporated l"HJdThd cpm/disc. 
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FIG 4. Concentration effect of adenosine and deoxyadenosine on 
epiderma l l"HjdThd incorporation. Five-millimeter discs of t issue were 
incubated for 2 h on RPM! 1640 medium containing various concen-
trations of adenosine a nd deoxyadenosine as in Fig 3. 0--0-Adeno-
sine; e--e-deoxyadenosine. 
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TABLE II. Effects of deoxyadenosine and adenosine on mitosis of pig 
keratinocyte:; in culture 
Additio ns Mitotic index± SE 
a. Long-term treatment 
None 8.7 ± 0.6 (15) 
Percent 
inhibition 
Deoxyadenosine (1 mM ) 4.7 ± 0.4 (15)* 46 
Adenosine (1 mM) 4.4 ± 0.3 (15)* 49 
b. S hort-term treatment 
None 24.0 ± 1.4 (16) 
Deoxyadenosine (0.5 mM) 17.6 ± 1.0 (17)* 26 
(l mM) 13.2 ± 0.8 (16)* 45 
Adenosine (1 mM) 12.6 ± 0.7 (18)* 48 
- a. On the 3rd day after explant of pig keratinocytes, cul ture medium 
was replaced by freshly made RPMI 1640 with 10% fetal calf se rum 
with test drugs. Incubations were done for 3 more days and colchicine 
(0.1 J.' g/ml) was added in the incubation medium fo r t he final 4 h. 
Number of explants IS shown m parentheses; astensks = p < 0.01 
coin pared with co ntrol. 
b. On the 3rd day after explant, culture medium was replaced by 
freshly made RPMI 1640 with 10% fetal calf serum with test drugs in 
t h e presence of colchicine (0.1 ~·g/ml) and incubations were done for 4 
h. Asterisks = p < 0.01 compared with control. 
t h e effects on the G2 phase of the cell cycle, adenosine and 
d eoxyadenosine were added in the incubation medium for only 
4 h afte r the init ial 3-day incubation after explant. Both aden-
osine and deoxyadenosine had similar inhibitory effects on 
mitosis of pig skin keratinocytes. Percent inhibit io t? by adeno-
s ine and deoxyadenosine was 48% and 45 %, respectively, at the 
concentration used. 
DISCUSSION 
T he effect of ade nosine on the cyclic AMP system differs 
from tissue to t issue. In many t issues including epid.erm_is 
[14,22,23], adenosine stimulates adenylate c;yclase, resul tmg m 
the accumulation of cyclic AMP. Ade~o.sm~ has also. been 
shown to inhibit adenylate cyclase acttvtty tn other ttssues 
[24 ], as well as to cause biphasic stimulatory and inhibitory. 
effects in others [25]. These apparently parad~xtcal effects of 
adenos ine are current ly interpreted as two dtsbnct adenosme-
receptor sites on t he adenylate cyclase sys~em : (1) the "R" site, 
occupancy of which usually leads to acttvat!O t~ of ad~ny late 
cyc lase and which requires integrity of .t he r.tbo~e. ~mg for 
activity, and (2) the "P" site, which medtates mhtbttwn and 
requires integrity of the purine !".ing for act~;i~r (25]. Deoxy-
ad enosine seems to have httle effect on t he R stte [25], and 
in epide rmis it was clea rly shown that t hi s compound was a 
muc h weaker stimulator of epidermal adenylate cyclase system 
t han was adenosine (Fig 1, Table I) . 
Despite marked difference in their effects on the cyclic AMP 
system, bot h adenosine and deoxyadenosine markedly inhibi~ed 
ke r atinocyte proliferation. Keratinocyte outgrowth was mhtb-
ited by both compounds and t he inhibitory effect of deoxyaden-
osin e was stronger than that of adenosine (Fig 2). It has b~e n 
repo rted that t he outgrowing keratinocytes go through 3 pnn-
cipal phases after explant: (1) migratory phase, .where the 
outgrowing keratinocytes are mamly composed of cells that 
migr ate from the origina l explant and have not gone t hrough 
DNA synt hesis, (2) proliferative phase, where the outgrowth is 
mainly due to newly synthes ized keratinocyte population , and 
(3) maturation (keratinization) phase [18-20]. Since adenosine 
and deoxyadenosine were added in the incubat ion medium on 
t he 3rd day after explant (i.e. , when the growing cells are in 
both migratory and proliferative phases), both possibilities 
(inhibition of migration and/or proliferation) existed on the 
mechanism of the outgrowth inhibition. The marked inhibition 
of mitosis after 72- h incubation wit h adenos ine and deoxyaden-
osin e (Table IIa) suggests that t he effect is due mainly to the 
inh ibi t ion of keratinocyte proliferation . However, despite the 
stronger effect of deoxyadenosine on keratinocyte outgrowth 
(Fig 2), deoxyadenosine and adenosine inhibited mi tosis to a 
simi la r extent (Table II a). T hus we could not completely deny 
the possibili ty that deoxyadenosine might also have an inhibi-
tory effect. on keratinocyte migration besides its effect on cell 
proliferation. 
The incorporation of ['1H ]t hymidine was markedly inhibited 
by adenosine and deoxyadenosine and again the effect of deox-
yade nos ine was stronger than tha t of adenosine (Figs 3, 4). 
Since both compounds were incubated with [3H]thymidine 
briefly (up to 3 h), the inhibi tory effect seems to be at the S 
(and possibly late G1) phase of t he cell cycle. Our data coupled 
with the finding that other adenylate cyclase stimulato rs had 
no effect on the S phase of the cell cycle [13]. suggest t hat 
adenosine and deoxyadenosine revealed their inhibitory effects 
not t hrough the cyclic AMP system but through other effects 
on nucleic acid metabolism. These may include pyrimidine 
starvation [26], decrease in in t racellular pyrophosphate [27], 
inhibit ion of ribonucleotide reductase t hrough dATP [28]. ef-
fect on S-adenosy lhomocysteine hydrolase [29,30], etc. Aden-
osine and deoxyadenosine might also inhibit t hymidine uptake 
through the cell membrane [31] . These profound effects wou ld 
resul t in t he apparently S phase inhibi tory effects by t hese 
compounds, which might be eventually cytotoxic at higher 
concentrations. 
Concerning t he G2 phase of t he cell cycle, it has been reported 
t hat cyc lic AMP and cycl ic AMP-elevating agents inhibit ker-
atinocyte proliferation at t hi s phase of t he cell cycle [1,3,32]. 
In spite of t he marked difference in their effects of cycl ic AMP 
fo rmation , t he inhibi tory effects of adenosine and deoxyaden-
osine on t he G2 phase of the cell cycle were about the same 
(T able Il b) . Yos hikawa et al [33] reported that on ly a small 
increase in cycl ic AMP level is required for t he full activation 
of cyc li c AMP-dependent protein kinase, t hrough which cycl ic 
AMP revea ls its function . Thus the increse of cycli c AMP level 
by deoxyadenosine, although small , might be enough for the 
activation of protein kinase and might resul t in the G2 phase 
inhibition to an extent similar to the effect of adenosine. 
In conclusion, our data indicate t hat adenosine and deoxy-
adenosine inhibi t keratinocyte proliferation at both S and G., 
phases of t he cell cycle. Furthermore, no correlation ex isted 
between t heir inhibitory effects and t heir effects of cycl ic AMP 
format ion. These data are consistent with the view of Taylor 
et al (13] t hat t hese compounds inhibit keratinocyte prolifera-
tion t hrough at least two independent mechanisms; (1) S phase 
inhibit ion which is probably independent of t he cycl ic AMP 
system , and (2) G2 phase inhibit ion which probably depends on 
the cyclic AMP-protein kinase system. It has been suggested 
that t he effect of cyclic AMP on keratinocyte proli ferat ion 
might not be stereotypic, depending on the culture conditions. 
Although in t he explant cul tu re system a ll agents t hat increase 
cyclic AMP level cause mitot ic inhibit ion in t he G2 phase of 
the ce ll cyc le [34]. t he stimulatory effects on kerat inocyte 
proliferation have also been reported in other culture condit ions 
(see above) . Our data further show t hat cyclic AMP-elevatin o-
agents might not necessari ly reveal their effects throuo-h th: 
cyclic AMP system. Until t he physiologic effect of cycl icb AMP 
and cyclic AMP-elevating agents on t he keratinocyte biology 
is determined, it seems appropriate to interpret t he effects of 
chemicals which affect cycl ic AMP levels wit h these restric-
tions. 
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